Abstract. Soft tissue characterization and modeling based on living tissues has been investigated in order to provide a more realistic behavior in a virtual reality based surgical simulation. In this paper, we characterize the nonlinear viscoelastic properties of intra-abdominal organs using the data from in vivo animal experiments and inverse FE parameter estimation algorithm. In the assumptions of quasi-linear-viscoelastic theory, we estimated the viscoelastic and hyperelastic material parameters to provide a physically based simulation of tissue deformations. To calibrate the parameters to the experimental results, we developed a three dimensional FE model to simulate the forces at the indenter and an optimization program that updates new parameters and runs the simulation iteratively. We can successfully reduce the time and computation resources by decoupling the viscoelastic part and nonlinear elastic part in a tissue model. The comparison between simulation and experimental behavior of pig intra abdominal soft tissue are presented to provide a validness of the tissue model using our approach.
Introduction
Soft tissue characterization and modeling has been investigated in order to understand mechanisms of traumatic injury. For example, Farshad et al. [1] characterized the material parameters of pig kidney based on uniaxial tension tests on ex vivo samples. They were mainly interested in a tissue behavior under high speed or impact loading conditions, which occur in accidents, so their measurements were mainly ex vivo measurements. Recent developments in medical instruments have motivated the tissue characterization under the lower speed loading conditions and using the data from in vivo measurements which are expected to provide the properties of living tissues. Davies et al. [2] developed a two dimensional mathematical model for pig spleen tissue from uniform compression tests using a large-area indenter. They solved the nonlinear constrained boundary value problems numerically with an exponential stress-strain law and a finite element model (FEM) . By varying the model size, they showed that the forces measured at the indenter were insensitive to the size of the model. Miller [3] developed a three-dimensional, hyperelastic, viscoelastic constitutive model for abdominal organ tissues. The model was developed from a strain-energy function with time dependent constants.
Although in vivo experiments can provide the data in a living state and they are essential to develop soft tissue models for surgical simulation or rehearsal, the characterization of soft tissue properties has not been successful. Because the target organs have non-uniform cross-sectional area and non-uniform strain across any given cross section. An analytic solution based on the boundary value problem was not a good candidate, given the complexity of the material behavior, the organ geometry, and the three-dimensional deformation imposed on the surface. To circumvent these difficulties, inverse finite element estimation has been investigated recently. This method estimates unknown material parameters for a selected material law by minimizing the least-squares difference between predictions of a finite element model and experimental responses. In this paper, we estimated viscoelastic material properties of soft tissue by using the in vivo animal experimental data and a FE tool to provide a model for medical simulation or off-line analysis.
In vivo Animal Experiments
We measured pig's liver and kidney under open surgical conditions to measure mechanical properties in vivo at the Harvard Center for Minimally Invasive Surgery in collaboration with surgeons from the Massachusetts General Hospital (MGH). A total of 10 pigs were used in these experiments. The pigs were first put under general anesthesia and placed on the surgical table. A midline incision was then made at its abdominal region and dissection carried out on the anatomical structures to expose the organs. The indentation stimuli were delivered using the haptic interface device, Phantom Premium-T 1.5 (SensAble Technologies, www.sensable.com) that was programmed to perform as a mechanical stimulator. Reaction forces were measured using a six-axis force transducer, Nano 17 (ATI Industrial Automation) that was attached to the tip of the Phantom. The transducer has a force resolution of 0.781 mN along each of the three orthogonal axes when connected to a 16-bit A/D converter. The indenter was a 2 mm diameter flat-tipped cylindrical probe that was fixed to the tip of the Phantom with the force transducer mounted in-between to accurately sense the reaction forces.
Estimation of Soft Tissue Properties
We used the quasi-linear viscoelasticity (QLV) framework proposed by Fung [5] . This approach assumes material behavior can be decoupled into two effects: a timeindependent elastic response, and a linear viscoelastic stress relaxation response. These models can be determined separately from the experiments. The stresses in the tissues, which may be linear or nonlinear, are linearly superposed with respect to time.
The three-dimensional constitutive relationship in the framework of QLV is given by,
where S(t) is the second Piola-Kirchhoff stress tensor and G(t) is called the reduced relaxation function.
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where P i g are the Prony series parameters.
For the nonlinear elastic response, we have used an incompressible hyperelastic material representation, which is commonly used for elastomer modeling. The material properties of a hyperelastic material can be determined by a strain energy function W. Ideally, W is defined with only as many parameters as are required in order to make a FE model. There are many specific material models that could be used, depending on how to approximate the strain energy function. The strain energy function of the three-dimensional incompressible Mooney-Rivlin model is given by 10 1 01 2 
where s F is the simulated force and i p is the material parameter containing the viscoelasticity and nonlinear elasticity. For example, the number of the estimated parameters for the Mooney-Rivlin model is two. The goal of the characterization is to determine these parameters for a proposed material law by minimizing the errors between the simulated and the associated experimental measurements. This process is also called the inverse calculation because it is the opposite of an ordinary simulation (that is, solving for forces or displacements given material parameters and boundary conditions). Instead of estimating all required parameters in one step, we separated the characterization process into two stages. In the first step the viscoelastic parameters were determined from the normalized force responses against ramp-and-hold indentation from the experiments. With the viscoelastic parameters estimated in the first stage, the inverse FEM parameter estimation method was used to determine the remaining elastic parameters.. This separation of parameters is also similar to the work by Kauer et al. [6] . However, they fixed the time constants of the stress relaxation 1s, 1s, 10s, and 100s) , and fit their magnitudes, then determined the rest of the parameters using an inverse FEM calculation. In our work, the parameters in the viscoelastic model were estimated directly from the normalized force-displacement data in the experiments. The overall procedures of the characterization are illustrated in Fig. 1. 
Determination of Viscoelastic Parameters
In this section we develop a three-dimensional linear viscoelastic model of the soft tissue based on the force-displacement experiment data. The simplest lumped parameter model that can capture the viscoelastic behavior of a solid is the three parameter linear solid model whose transfer function may be written as F is the steady state value of the force response. τ is the relaxation time constant and α is the ratio of the initial response of the system to a step in displacement to the steady state value ( α >1). Incidentally, this model has the similar to the Kelvin model. The point indenter is a good choice for model parameter estimation since it is the closest approximation of a punch on an elastic half space. From linear elastostatics we know that the total force, P, required to indent a frictionless circular cylindrical punch, of radius 'a', into an isotropic elastic halfspace, by a distance D is given by
where G is the rigidity modulus, a is the diameter of the indenter and K is the bulk modulus.
From the correspondence principle and the incompressibility assumption, the above equation can be simplified,
From the above equations, the step response rigidity modulus may be written as, lsqnonlin.m, which is a built-in function for the nonlinear curve fitting in MATLAB. This approach allows the rigidity modulus to be expressed as a Prony series expansion in the time domain. Table 1 lists the computed Prony series parameters of the selected experiments.
Estimation of Nonlinear Elastic Parameters
In our application, the compared quantities are the simulated forces from the FEM simulation and the associated experimental forces at the indenter. Therefore, we can minimize a nonlinear sum of squares given by
where Fe, Fs, i t , m are measured forces, simulated forces, time and the total number of data points, respectively. Among several optimization algorithms that could be used, we adopt the nonlinear least square optimization known as the MarquardtLevenberg algorithm.
Although the Levenberg-Marqudt has been used successfully in finite strain applications [7] , the entire process is computationally expensive. The FEM simulation, in which a few hours per run, is repeated as many times as necessary until the simulated results match the experimental results. The Jacobian vector is calculated at each iteration but this requires perturbing one parameter, running the entire FEM simulation, and measuring the effect of the perturbation. To construct the vector, this must be repeated for each parameter. Thus, for five free parameters, the FE model must be solved six times per iteration (the sixth solution is the reference to which the perturbations are compared). The entire characterization process takes several iterations to converge so the computational time is very large and hence it is better to reduce the number of parameters as much as possible as in our approach. It was this computational expense that led us to identify the viscoelastic parameters before undertaking the inverse FEM simulation. This allowed us to iterate using only two (Mooney-Rivlin) free parameters. Fig. 2 shows the developed model in ABAQUS. In our experiments, the deformation field appeared to be insensitive to the organ geometry. This made sense, since our indentations were small (millimeters) compared to the organs (centimeters). Accordingly, we simplified our analysis by modeling a subdomain of the organ. The size and the mesh density of the model are carefully adjusted to ensure a well-conditioned solution. Nonlinearities from both the material model and from large geometric deformation were allowed. The contact between the indenter and tissues was modeled with a contact mechanics module in ABAQUS and the non-uniform element density over the model was used to improve accuracy of the contact region. We implemented the LevenbergMarquardt algorithm with the Python language, which is a way to control the inputs and outputs of ABAQUS.
With the approximate initial values from the ABAQUS evaluation function, we used our Python code to iterate the FE model and update the parameters automatically. The parameters reached convergence with four or five iterations. Table 2 presents the initial parameters and converged parameters for both hyperelastic material models. With a good guess from a priori knowledge of the parameters, the parameters converged with three or four iterations in most of cases. Fig. 3 shows the predicted forces from the FE simulation with the estimated parameters and experimental forces for the pig liver and kidney. The force responses of the hyperelastic model in ABAQUS match the experimental data well. 
Concluding Remarks
In this paper, we have characterized the mechanical properties of intra-abdominal organs from the in vivo animal experiments. To calibrate the parameters to the experimental results, we developed a three dimensional FE model to simulate the forces at the indenter and an optimization program that updates new parameters and runs the simulation iteratively. Key assumptions in our approach are that the organs are incompressible, homogenous, and isotropic, and that the deformations we imposed were small compared to the size of the organ. With these limitations in mind, the material models presented in this study offer two basic uses in a VR-based medical simulation. First, they can be used directly in the simulator to compute visual deformations and interaction forces that are displayed in real time. Second, the mathematical models presented here can be used as a standard for the evaluation of new real time algorithms for computing deformation.
